The size distribution of semitransparent irregularly shaped mineral dust aerosol samples is determined using a commonly used laser particle-sizing technique. The size distribution is derived from intensity measurements of singly scattered light at various scattering angles close to the forward-scattering direction at a wavelength of 632.8 nm. We analyze the results based on various light-scattering models including diffraction theory, Mie calculations for spheres with various refractive indices, and T-matrix calculations for spheroidal particles. We identify systematic errors of the retrieved size distribution when the semitransparent and nonspherical properties of the particles are neglected. Synthetic light-scattering data for a variety of parameterized size distributions of spheres and spheroids are used to investigate the effect of simplifying assumptions made when the diffraction model or Mie theory is applied in the retrieval.
Introduction
Mineral dust is present in the Earth's atmosphere, hydrosphere, and lithosphere. Many properties of mineral dust depend crucially on the size of the particles. The measurement of the size distribution of mineral dust samples can be difficult due to the irregular shapes of the mineral particles. Here we focus on a commonly used and powerful particlesizing technique using intensity measurements of singly scattered light, referred to as laser particle sizing in the following. This technique is based on the fact that light scattering close to the forwardscattering direction is sensitive to size but rather insensitive to refractive index and particle shape. The same principle is used for the measurement of the size distribution of an atmospheric aerosol using ground-based sky radiance measurements in the aureole, i.e., in viewing geometries close to the Sun.
Most laser particle-sizing techniques are based either on the so-called diffraction method or on Mie theory. 1, 2 The diffraction method is often preferred, since it tends to provide numerically stable results and no assumption regarding the refractive index has to be made. This method assumes that light scattering can be described by Fraunhofer diffraction from round nontransparent disks implicitly neglecting refracted light components. The diffraction model is applicable to particle samples containing nontransparent particles much larger than the wavelength. Mie theory treats spherical particles with arbitrary refractive indices and sizes. Laser particle-sizing techniques using Mie theory or the diffraction method are, hence, based on the assumption that the sample particle is spherical.
Volten et al. 3 measured the scattering properties of various mineral dust samples. Most of these samples contain weakly absorbing particles with irregular shapes and a broad size distribution including sizes comparable to the wavelength. The size distributions of these mineral dust samples have been measured using a laser particle sizer (Fritsch Analysette 22-E) with the diffraction method.
In this study, we analyze various light-scattering models in their application to laser particle sizing and determine the effect of the assumptions made on the retrieved size distribution of weakly absorbing nonspherical particles. The size distribution and its discrete representation used in this study are introduced in Section 2. The concept of laser particle sizing is discussed in Section 3. The optical setup of a typical laser particle sizer is sketched briefly. We develop forward models linking the size distribution of a sample to the measured intensity signal based on various light-scattering models. We discuss inversion schemes used to derive size distributions from intensity measurements. In Section 4, the size distribution of three mineral samples including a feldspar, a quartz, and a red clay sample from real intensity measurements are retrieved using diffraction theory, Mie calculations for spheres with various refractive indices, and T-matrix calculations for spheroidal particles. The discrepancies of the size distributions are discussed and systematic errors and limitations of the methods applied are quantified. The effective radius and the effective variance (for definition see, e.g., Hansen and Travis 4 ) of a parameterized lognormal size distribution can be retrieved using a nonlinear leastsquares fit routine. Based on a range of synthetic measurements of monomodal parameterized size distributions, systematic errors are determined that are encountered when the diffraction method is applied to strongly absorbing and nonabsorbing spherical particles. In a similar way, we quantify the systematic errors that are encountered when Mie theory is applied to nonspherical particles.
Size Distribution
Sizing techniques that are applicable to ensembles of irregular particles are always based on simplifying assumptions concerning the particle shape. One obvious reason is that the exact shape of all particles in a very large ensemble cannot be taken into account explicitly. Furthermore, the laser particlesizing method discussed here is based on numerical light-scattering models that require a simplified shape description. In the following, we will refer to the size of a particle as the radius r of a sphere with the same volume. We also use the size parameter x ϭ 2r͞, where is the wavelength of light.
The size distribution of an ensemble of spherical particles can be described by ͑R͒ as a function of the log-radius R ϭ log 10 ͑r͒:
We introduce the normalized and discrete forms of the logarithmic number distribution n with the elements
The surface distribution s with
describes the fraction of the ensemble surface that is present in the size range from R i to R iϩ1 . The surface distribution s is convenient for laser particle sizing, since the light-scattering cross section of particles with size parameters x Ն 10 scales with the particle surface. In natural ensembles of mineral particles, small particles occur much more frequently than larger ones. Natural size distributions of dust aerosol (see, e.g., Dubovik et al. 5 ) are, thus, very steep and may cover many orders of magnitude when being expressed in terms of a number distribution. This can cause problems in the numerical representation of the number distribution (R). The surface distribution is less steep and is therefore preferred. In the following, the terms surface distribution and size distribution are used synonymously.
Forward Model and Inversion Scheme
The optical setup of the laser particle sizer used for the characterization of the mineral samples is sketched in Fig. 1 . A widened He-Ne laser with a wavelength of ϭ 632.8 nm is focused on a detector screen. The laser light is directed through a cuvette with a dilute suspension of particles in water. The suspension is continuously renewed from a reservoir, where settling of larger particles is reduced by continuous stirring. The scattered light is focused on a screen and detected by a series of concentric ring-shaped detectors. The radii of the detector rings are chosen to be equidistant on a logarithmic grid such that the logarithm of the detector areas increases with a constant increment. The detectors cover a range of scattering angles from a fraction of a degree to more than 60°. The scattering angle ⌰ ϭ 0°denotes forward scattering. The suspension is optically thin, such that multiple scattering is negligible. Since the laser beam is narrow, the radius on the screen d is related to the scattering angle by tan͑⌰͒ ϭ d͞f, where f is the distance between the scatterer and the screen. The measured values of the electromagnetic radiation flux, in the following referred to as intensity, are the observation vector y. We develop a forward model for the simulation of the measured intensity y as a function of the size distribution s of the sample. The intensity y i measured by the ith detector is calculated by an integration of the phase function P͑⌰͒ over the solid angle ⍀ i of the ith detector:
The contributions of all j sizes to this intensity are weighted with the surface distribution s i and the scattering efficiency Q j ϭ c j ͑͞r j 2 ͒, defined as the ratio of the scattering cross section c j and the geometrical cross section. The forward model is linear and can be written in matrix notation as y ϭ Ks · const.
The constant factor in Eqs. (4) and (5) depends on the total amount of mineral dust measured, the light intensity of the laser, the absolute size of the detectors, or the detector gain, for instance. We may drop this factor, since only the normalized size distributions s are needed in what follows.
In the following, we highlight differences between various light-scattering models regarding the phase function, the scattering efficiency, and the Jacobian matrix K. In the diffraction model, light scattering is approximated by far-field interference at round nontransparent disks with the radius r. The phase function P͑⌰͒ is described by the intensity distribution of Fraunhofer interference I F ͑x, ⌰͒ (cf. Born and Wolf 6 ):
The function J 1 denotes the first-order Bessel function of the first kind, whereas x is the size parameter. The diffraction cross section is identical to the geometrical cross section of the disk c ϭ r 2 . Mie theory treats light scattering by spherical particles. We test models based on Mie scattering for spheres with various refractive indices. We use the refractive indices 1.57 Ϫ 0.5i for strongly absorbing spheres and 1.57 Ϫ 0i as well as 1.8 Ϫ 0i for nonabsorbing spheres. Furthermore, we consider spheres with the refractive indices 1.57 Ϫ 0.0005i, 1.54 Ϫ 0i, and 1.52 Ϫ 0.001i as estimates for the feldspar, the quartz, and the red clay samples, respectively. These estimates for the refractive indices in a vacuum are based on data from various sources. [7] [8] [9] Since the surrounding medium in the particle sizer is water, light-scattering calculations are based on relative values of the real part of the refractive index. T-matrix calculations can be used for spheroidal particles. 10 We consider an ensemble of nonabsorbing prolate and oblate spheroids including aspect ratios ranging from 0.5 to 2.
The computing time and the convergence of the T-matrix code pose an upper limit to the applicable size range. This limit decreases with the increasing deviation of the aspect ratio from unity. 11 With the chosen range of aspect ratios, spheroids with volumeequivalent sphere radii of up to 6.5 m are included in the retrieval. In the following, the size of spheroids will be referred to as the radius of the volumeequivalent sphere. This light-scattering model will be referred to as the spheroidal model. In Fig. 2 , the phase functions based on diffraction (solid curves), Mie scattering by strongly absorbing (dashed curves) and nonabsorbing spheres (dotted curves) are shown for the size parameters 1, 10, and 100. For demonstrative purposes, the phase functions are normalized to 1 at ⌰ ϭ 0°. The width of the intensity peak centered at ⌰ ϭ 0°is inversely proportional to the particle size. It is possible to distinguish particles with different sizes in light-scattering experiments mainly due to this property. We note differences between the phase functions derived from diffraction theory and from Mie theory, especially for small particles (see the graph for x ϭ 1).
The scattering efficiency Q of strongly absorbing spheres (solid circles), nonabsorbing spheres (empty circles), and nonabsorbing spheroids (dots) are shown as a function of the particle size ( Fig. 3 .) The scattering efficiency that is attributed to the diffraction model (crosses) takes the constant value unity. In contrast to two-dimensional disks, the scattering efficiency of spherical and nonspherical particles is clearly size dependent. The scattering efficiency has very small values ͑Q Ͻ Ͻ 1͒ at x ϭ 1, increases to a maximum at x Ϸ 10, and after some oscillations approaches a constant value. For nonabsorbing spheres and spheroids, the maximum scattering efficiency has a value of about 3.6 and the oscillations are pronounced. A maximum of this amplitude is found as well in the scattering efficiency of weakly absorbing particles with other shapes with no symmetry such as Gaussian random spheres. 12 An asymptotic value of about 2 is reached for size parameters of x Ն 200 in the geometric optics domain. For strongly absorbing particles, the maximum scattering efficiency is lower ͑Q Ϸ 1.4͒ and a constant value of Q Ϸ 1 is reached for size parameters of x Ն 2. Measurements of the extinction efficiency of quartz and diamond dust samples as well as other powdery substances indicate that the scattering efficiency of natural irregular particles exhibit the characteristic first maximum shown by the spherical model and the spheroidal model (Bohren and Huffman, 13 Section 11.7.3 and references therein).
In Fig. 4 , we show the Jacobian matrices K of the diffraction model [ Fig. 4(a) ], and the models for strongly absorbing spheres . The element (0, 0) of the matrices is depicted at the lower left corner of each graph. This element K 00 ϭ Ѩy 0 ͞Ѩs 0 represents the sensitivity of the innermost detector ring with respect to the surface distribution at the smallest particle size. Matrix elements with a large amplitude are depicted in dark gray. Note that the measured intensity vectors, i.e., the column vectors K i1 , K i2 , . . . have low values at the inner detector rings even though the phase function generally has the largest values close to ⌰ ϭ 0°. This is due to the geometry of the detector rings in which the detector areas increase logarithmically with increasing detector number i.
The Jacobian matrix of the diffraction model K a has a simple structure. We note that the inner detectors are sensitive mainly to large particles, whereas the outer detectors are sensitive mainly to small particles. This is related to the fact that the particle sizes of the size distribution n as well as the detector areas are chosen to be equidistant on a logarithmic grid. Due to the simple near-diagonal structure of K a , the diffraction model provides comparatively stable results and is therefore preferably used in laser particle-sizing techniques. The Jacobian matrix of the model for strongly absorbing spheres K b is similar to the Jacobian matrix of the diffraction model K a for particle sizes with x Ͼ 10. For smaller particle sizes, the amplitudes of the column vectors of K b decrease with decreasing particle size, which is not the case for K a . This difference is due to the discrepancy in the scattering efficiency of the models shown in Fig. 3 . The pronounced size dependence of the scattering efficiency of the model for nonabsorbing spheres is reflected in the amplitudes of the column vectors of K c . As compared to K b , the elements of K c (nonabsorbing spheres) that are related to detectors 40 to 50 have large values. This is related to the more pronounced sideward scattering of nonabsorbing spheres. The spheroidal model is limited in particle size due to the convergence limit of the T-matrix code. In the size range considered (from x ϭ 1 to 65), the Jacobian matrices for nonabsorbing spheroids K d and nonabsorbing spheres K c are similar. Note the similarity in the resonant structures that are revealed by the wavy nature of the graphs.
The forward model y ϭ Ks, derived in Section 2, is linear. The retrieval of the size distribution is equivalent to finding an inverse matrix D to the matrix K that relates a size distribution to a given measurement s ϭ Dy.
The number of sizes ͑n͒ is usually chosen to be smaller than the number of detectors ͑m͒. In this case, the matrix K is not square, and the simple inverse matrix K Ϫ1 is not defined. A least-squares solution can be derived using the maximum likelihood method. This approach is based on the assump- tion that errors are Gaussian distributed, which can be supported by minimum entropy considerations (e.g., Rodgers 14 ) . To obtain a stable and physically meaningful result, we include a priori information about the solution. This can be done by applying the Phillips-Tikhonov regularization 15, 16 in the form
The matrix S y is the error covariance matrix of the measurement. The diagonal elements are the variances yi 2 of the measurements and are assumed to be 2% of the largest intensity measured. The offdiagonal elements are zero since the detector errors are uncorrelated. L 0 is the unity matrix and L 1 is the discrete difference matrix
with the dimensions ͑n Ϫ 1͒ ϫ n. The second and third terms on the right-hand side are responsible for a smoothing of the solution. The Lagrange multipliers ␥ 0 and ␥ 1 control the weight of the smoothing conditions and are chosen as follows. The ratio of ␥ 0 and ␥ 1 is of the same order of magnitude as recommended by Dubovik and King. 17 For an optimal choice of the magnitudes, we consider the number of degrees of freedom N f of the solution that are determined by the measurement. The number of degrees of freedom is determined based on the averaging kernel A ϭ DK being the product of the Jacobian matrix K of the forward model with the generalized inverse matrix D. 14 This matrix represents the sensitivity of the retrieved size distribution with respect to the true (unknown) size distribution. 18 The trace of the matrix A gives the number of degrees of freedom of the solution N f , which are determined by the measurement (rather than by the constraints applied). We use one set of values for the Lagrange multipliers for all retrievals such that the solutions are stable and smooth. The solutions based on Mie and diffraction theory have 41 bins with about 7 degrees of freedom. The solutions based upon using T-matrix calculations have 27 bins with about 4 degrees of freedom.
Results
In this section, we discuss size distributions obtained using the diffraction model, Mie theory, and the spheroidal model. First, we compare retrieved size distributions using real light-scattering measurements of three mineral samples. Second, we compare parameterized size distributions retrieved from a variety of simulated measurements with a range of effective radii and effective variances. In Fig. 5 , we show the size distributions of the feldspar, the quartz, and the red clay samples that are retrieved from the intensity measurements using 
The errors of the size distributions determined using Mie and T-matrix calculations (not shown) have an amplitude similar to the errors of the results from the diffraction theory. The results using Mie calculations for weakly absorbing spheres are based on the refractive indices 1.57 Ϫ 0.0005i (feldspar), 1.54 Ϫ 0i (quartz), and 1.52 Ϫ 0.001i (red clay). Retrievals using Mie calculations for spheres with various refractive indices show that the retrieved size distributions are insensitive with respect to variations of the refractive index in the range from 1.52 to 1.8 (real part) and from 0 to 0.001 (imaginary part).
The results for spherical and spheroidal models deviate significantly from the results obtained using diffraction theory. The size distribution based on Mie scattering by weakly absorbing spheres has a pronounced minimum at the particle radii between 0.5 and 1 m. This minimum is also present in the size distribution based on Mie scattering by strongly absorbing spheres but is less pronounced. The size distributions based on the diffraction model do not exhibit this minimum at all. This discrepancy is observed for all three samples and can be explained by two effects: First, at the particle sizes where a light- scattering model underestimates the scattering efficiency, it overestimates the size distribution. This is the case for the diffraction model and to a lesser degree for Mie theory for strongly absorbing spheres, in the size range from r ϭ 0.5 to 2 m ͑x ϭ 5 to 20͒ if weakly absorbing spheres or spheroids are present (see Fig. 3 ). Second, the enhanced sideward scattering of weakly absorbing spheres or spheroids with radii larger than 1 m causes a light-scattering signal with a secondary maximum between detectors 40 and 50 [Fig 4(c) ]. This light-scattering signal is assigned to particles in the size range between 0.5 and 1 m if the diffraction model of Mie theory for strongly absorbing spheres is applied.
To show that this discrepancy is a systematic feature due to the different nature of the models used, we perform retrievals from synthetic measurements, which are forward simulated based on Mie theory using a lognormal size distribution of spheres with a refractive index of 1.52 Ϫ 0.001i with r eff ϭ 3 m and v eff ϭ 3. Indeed, the retrieval scheme based on diffraction overestimates the size distribution at radii between 0.5 and 1 m as compared to Mie theory. As a consistency check, we compare the initial size distribution as well with a retrieval based on Mie calculations for spheres with the same refractive index. The initial size distribution is well reproduced for spheres with radii of r Ն 0.3 m and overestimated for smaller radii. The retrieved values for r Ͻ 0.3 m are not meaningful, as will be discussed in detail in the following.
The retrieved size distributions are partly determined by the smoothness constraint, as can be shown using the averaging kernel matrix A. The neardiagonal elements of the averaging kernel of the diffraction model have finite positive values, whereas the other elements vanish [ Fig. 4(a) ]. Hence the results of the diffraction model are representative for the true size distribution on the full size range considered, provided that the light scattering is accurately modeled by the diffraction model. The shape of the averaging kernels shown in Figs. 4(b)-4(d) indicates that the spherical and the spheroidal models provide reliable results for particle radii larger than approximately 0.3 m. The insensitivity below 0.3 m is related to the fact that the phase function of arbitrary particles approaches the phase function P Ray ͑⌰͒ ϰ cos 2 ͑⌰͒ of Rayleigh scattering with decreasing particle size. The values of the size distributions for r Ͻ 0.3 m determined using Mie theory or the spheroidal model are not meaningful, and the shape of the size distribution is dominated by the smoothness constraints.
The size distributions using Mie theory or the spheroidal model increase with decreasing radius in the size range of 0.3 m Ͻ r Ͻ 0.6 m indicating the presence of a small particle mode. According to the averaging kernel, the values of the size distribution in this size range are meaningful. Retrievals for a mineral dust sample where the small particle fraction ͑r Ͻ 0.5 m͒ has been removed do not show this small particle mode. Therefore we regard the pres-ence of a small particle mode in the size distribution shown here to be real. We note that the shape of the resulting size distributions agrees well with the shape of size distributions retrieved from atmospheric Sun and sky radiometer measurements at desert sites. 5, 19 These retrievals are based on light scattering and absorption measurement at various wavelengths and geometries.
The effective radii and the effective variances of the retrieved size distributions for the three mineral samples are listed in Table 1 . We compare the results based on the diffraction model with the results based on the spherical model using estimates for the refractive indices of the mineral samples. For the spherical model, we include the size distribution shown in Fig. 5 as well as a size distribution that is truncated at the radius 0.3 m. With the latter two size distributions, we include two extreme cases that are consistent with the measurement. The range of effective radii and effective variances defined by these two extreme cases includes the effective radius and the effective variance of the size distributions derived using the diffraction model.
In this section, synthetic light-scattering data for a variety of size distributions of spheres or spheroids are considered. Measurements of the laser particle sizer are simulated based on a monomodal lognormal size distribution with the effective radius r eff and the effective variance v eff as parameters. The simulations for spheres cover a range of effective radii from 0.5 to 5 m and a range of effective variances from 0.5 to 6. Simulations for spheroids are made for effective radii ranging from 0.5 to 2 m and for effective variances ranging from 0.5 to 1.5. The parameters r eff and v eff are retrieved from the synthetic measurements using the diffraction model or Mie theory. The retrieval is performed using an advanced nonlinear fit routine that is based on a large-scale trust region method. 20 For strongly absorbing spheres in the size range considered in this study, the diffraction model provides realistic size parameters only if the effective variance is lower than unity. Otherwise, the retrieval is biased by small particles with a light-scattering behavior, which significantly deviates from diffraction. In this case, the effective radius is underestimated for r eff Ͼ The right column refers to a size distribution that is truncated at the size parameter x ϭ 3.
3 m and overestimated for r eff Ͻ 2 m. The effective variance is underestimated, while the error increases with the increasing value of v eff .
If nonabsorbing spheres are present, the diffraction model underestimates the effective radius for initial values of r eff Ͼ 2 m. The effective variance is underestimated except for the regime with r eff Ͼ 3 m and v eff Ͻ 1.5. The errors in the retrieved effective radius and the retrieved effective variance are nearly proportional to their true values, respectively.
If nonabsorbing spheroidal particles are present, the model using nonabsorbing spheres provides good estimates for the effective radius and the effective variance except for two regimes. These regimes include narrow size distributions with particle radii in the range from 1 to 1.5 m and size distributions with r eff close to 0.5 m and v eff Ͼ 1. In the size range with radii from 1 to 1.5 m, Mie scattering has pronounced resonance features in the scattering efficiency ( Fig. 3) as well as in the phase function, which are less pronounced for scattering by spheroidal particles. This causes errors of the retrieved parameters for narrow size distributions. For broader size distributions, these discrepancies average out.
Conclusions
The size distributions of mineral aerosol samples including feldspar, quartz, and red clay have been retrieved from light-scattering measurements of a laser particle sizer. For the retrieval, we applied various light-scattering models including diffraction theory, Mie theory for spherical particles with various refractive indices, and T-matrix calculations for nonabsorbing spheroidal particles.
The models based on Mie and T-matrix calculations for spheres and spheroids provide stable results for volume-equivalent sphere radii of r Ն 0.3 m. For smaller radii, the size distribution is governed by the smoothness constraints applied in the retrieval. The limit at r Ϸ 0.3 m is what can be expected in view of the wavelength of the laser used ͑0.63 m͒. For larger radii, the size distributions based on Mie theory are insensitive with respect to variations of the refractive index in the range from 1.52 to 1.8 (real part) and from 0 to Ϫ0.001 (imaginary part). This covers the range of uncertainty of the imaginary part of the refractive index of the mineral samples measured, which is estimated to be from 1.5 to 1.6 (real part) and 0 to Ϫ0.001 (imaginary part). The size distribution of nonabsorbing particles appears to be rather insensitive with respect to the particle shape: for radii of r Յ 6.5 m, the results of retrievals using spheres or spheroids are similar. This indicates that the size distributions based on Mie calculations for weakly absorbing spheres are representative for the true size distributions of the samples measured, provided that the light scattering is sufficiently well described by light-scattering simulations using homogeneous model particles.
The retrieval based on diffraction theory systematically overestimates the size distribution at radii between r ϭ 0.5 m and r ϭ 1 m as compared to retrievals based on models for weakly absorbing spheres or spheroids. This has been shown for a variety of refractive indices including values from 1.52 to 1.8 for the real part of the refractive index. This systematic discrepancy is caused by the enhanced sideward scattering and the prominent maximum of the scattering efficiency close to r ϭ 1 m, which is neglected when diffraction theory is used. Lightscattering simulations for Gaussian random shapes show that a similar maximum in the scattering efficiency is found as well for weakly absorbing homogeneous particles with no symmetry. 12 Experimental evidence for the presence of such a maximum in the extinction efficiency of irregular particles has been given for quartz and diamond dust samples as well as for other powdery substances (Bohren and Huffman, 3 Section 11.7.3 and references therein). This suggests that the diffraction model introduces a systematic error in the size distribution of natural irregular dust containing particles with sizes comparable to the wavelength, especially if the absorption is low.
The size distributions of our three samples derived using light-scattering models for weakly absorbing homogeneous spheres or spheroids exhibit a pronounced bimodality. Bimodal size distributions have also been observed for atmospheric mineral aerosols using Sun and sky radiometer measurements at desert sites using Mie theory or a spheroidal model. 5, 19 These data are independent of our results in the sense that they are derived from atmospheric light scattering and extinction measurements at various wavelengths. A bimodal size distribution has also been derived from extinction measurement of dusty air masses over Eastern Europe. 21 The question is whether this bimodality reflects the truth or whether it is a systematic error caused by the assumption that the particles are homogeneous. This cannot be decided conclusively without an efficient light-scattering model that can handle irregular-shaped particles with internal inhomogeneities or independent size measurements. At this point, we can conclude that the size distributions derived from the laser particle sizer using Mie theory are a useful estimate for the mineral samples considered. Simulations using simple model shapes have been exploited to evaluate light-scattering models in the context of laser particle sizing. Based on the observed trends, one may extrapolate the results to truly irregular particles with internal inhomogeneities, as they are present in natural mineral dust. An efficient light-scattering model that can handle truly irregular particles including internal inhomogeneities is still lacking as a reliable reference. Therefore we would like to encourage nephelometer and extinction measurements of size-resolved irregular particle samples.
